INTRODUCTION
For many decades it appeared that the biological metabolism of aromatic compounds was restricted to an aerobic metabolism. However, in recent years an increasing number of anaerobic bacteria, which are able to oxidize various mononuclear aromatic compounds completely as their sole source for energy and cell carbon, has been discovered. The strategy of these bacteria is the conversion of the multitude of aromatic compounds to only a few key intermediates which become dearomatized in a reductive enzymatic process (for recent reviews see 1,2).
Most of the known pathways lead to benzoyl-CoA which represents the substrate for the dearomatizing enzyme benzoyl-CoA reductase (BCR). The biochemistry of this enzyme has only been studied in the denitrifying bacterium Thauera aromatica [3] . It catalyzes the two-electron reduction of benzoyl-CoA to cyclohexa-1,5-diene-1-carbonyl-CoA (Fig.1 ). This two-electron transfer from reduced ferredoxin to the aromatic ring is stoichiometrically coupled to the hydrolysis of two molecules of MgATP to MgADP [3, 4] . A radical mechanism, corresponding to 5 [8] . Novel EPR signals were induced only in the steady state of this ATPase activity and were assigned to an S=7/2 high spin system. In parallel, a shift from interacting to non-interacting [4Fe-4S] +1 clusters was detected. These observations allowed the presentation of a first model for the catalytic cycle of the BCR reaction. This model included an ATP-driven electron activation as a result of conformational changes affecting a reduced, EPR-active iron-sulfur cluster [8] .
In this work we investigated the EPR properties of BCR in more detail. These studies included temperature-and redox potential-dependent studies. In addition we studied the effects of oxygen, . Concentrated protein samples were stored anaerobically in tubes sealed with gas-tight stoppers at -80°C for several months.
Effect of acetylene on BCR activity
The effect of acetylene on BCR activity was tested in the standard spectrophotometric assay following the oxidation of reduced methyl viologen at 730 nm [3] . A saturated stock solution was prepared at 20°C (diameter 2 cm) by flushing acetylene with an overpressure of 0.2 bar first through wash bottle containing 10 mM dithionite and then through a stoppered 5 ml test tube (2 cm diameter) containing 1 ml of assay buffer with 150 mM Mops/KOH, 10 mM MgCl 2 , pH 7.3. Aliquots of this acetylene stock solution (5-40 µl) were added to a standard enzyme assay mixture.
To test the effect of acetylene on benzoyl-CoA-independent ATPase activity, ATP consumption and ADP formation were discontinuously determined at 30°C. Samples (usually 100 µl) were periodically retrieved from a 1 ml assay mixture in stoppered vials containing 150 mM Mops/KOH pH 7.3, 5 mM sodium dithionite, 5 mM ATP, 10 mM MgCl 2 , 0.2-0.4 mg BCR and 16 µl-80 µl of the saturated acetylene solution. The volume of the gas phase was approximately 1.5 ml, the reaction was started by addition of ATP. The samples were directly analyzed by HPLC using a MonoQ anion exchange column as described previously [7] .
Sample preparation for EPR-and Moessbauer spectroscopy
All BCR samples for EPR-and Moessbauer spectroscopy were prepared in an anaerobic glove box under a 100 % nitrogen atmosphere (<1.0 ppm O 2 ). Prior to any sample preparation of BCR excess of dithionite and corresponding oxidation products were removed by passing the 
Effect of acetylene
The effect of acetylene on the EPR spectrum of BCR was studied in the presence and absence of
MgATP. After addition of 60 µl of a saturated acetylene solution prepared at 20°C as described above to 540 µl of a BCR solution (25 mg ml -1 in 100 mM Mops/KOH and 20 mM MgCl 2 pH 7.3) the sample was incubated for 10 min at room temperature. Half of the solution was directly transferred into an EPR tube and frozen whereas the other half of the solution was incubated for 2 min with 10 mM ATP for 1 min at room temperature and then frozen in an EPR tube. were normally performed in the oxidative direction but as a control for reversibility, some samples were prepared by re-reduction with dithionite.
Redox titration experiments of BCR

EPR spectroscopy
X-band EPR spectra were recorded on an updated Bruker 200D-SRC spectrometer. Low temperature measurements were made using an Oxford Instruments ESR 900 cryostat modified to take sample tubes of up to 4-mm internal diameter. Recording conditions are described in the legends to the individual figures. Spin concentrations of ground-state transition EPR signals were determined by comparison with a 1.00 mM copper sulfate sample in 11 mM sodium EDTA.
Moessbauer spectroscopy
57 Fe Mössbauer spectra were recorded with a conventional constant acceleration spectrometer using a 57 Co source in a Rh matrix (1 GBq using the bath cryostat; 1.3 GBq using the magnet cryostat). Measurements at 4.2 K and 77 K were performed with a bath cryostat (Oxford Instruments) and a permanent magnet mounted outside the cryostat producing a field of 20 mT ⊥ γ. High-field measurements were performed with a cryostat equipped with a superconducting magnet (Oxford Instruments). The spectra were analyzed assuming Lorentzian line shape; the isomer shift is quoted relative to α-Fe at room temperature.
Other methods
Benzoyl-CoA was synthesized according to Schachter and Taggart [11] . Protein concentration was determined by the Bradford method using bovine serum albumin as standard [12] . SDS PAGE were performed as described by Laemmli [13] . Protein was visualized by Coomassie blue staining [14] .
RESULTS
Nature of the iron-sulfur centers
The nature of the iron-sulfur centers of BCR was studied by Moessbauer and EPR spectroscopy.
Metal analysis of BCR revealed the presence of 10-12 mol iron/mol enzyme, and substoichiometric amounts of zinc. Earlier EPR studies [7] 
Moessbauer spectroscopy: reduced BCR
The Mössbauer spectrum of deazaflavin reduced BCR recorded at 120 K (Fig 3A) and 4.2 K ( Fig   3B) in a small external field of 20 mT ⊥ γ is shown in Fig. 3A and 3B. The 4.2 K spectrum shows the presence of a paramagnetic species and a quadrupole doublet, the latter with parameters (δ 0.45 mms -1 and ∆E Q~1 mms -1 , see Table 1 ) similar to those observed in the oxidized sample.
EPR investigations (see EPR section of this work) showed the presence of S=1/2 species and therefore the paramagnetic species were analyzed by using the spin-Hamiltonian approximation for a total cluster spin S=1/2 [16] . As starting parameters for the simulation parameters for [4Fe-4S] 1+ published in [15] were used. With this procedure 33% of the total area were attributed to a [4Fe-4S] 1+ cluster with parameters given in Table 1 . The remaining 66% of the total area could be simulated with two doublets whose parameters are similar to those (see Table 1 ) found for components 1 and 2 in the thionine oxidized sample. The spectrum taken at 4.2 K in an high external field of 7T || γ (Fig. 3C ) was simulated with the same parameter set as the low-field data. , which are similar to those reported for the reduced ferredoxin from C. pasteurianum [15] .
EPR spectroscopy
Based on the results obtained from Moessbauer spectroscopy we reinvestigated the [4Fe-4S]
clusters of reduced BCR using temperature dependent and power saturation EPR studies. To achieve a high degree of reduction, the dithionite used in previous studies was replaced by spins/enzyme. This increase is considered to be mainly a result of the increased intensity of the cluster II EPR signal which is not detectable at temperatures above 40 K.
At temperatures below 15 K, broad unresolved features covering more than 200 mT started to develop. These broad features also have been detected in a previous study and were ascribed to two interacting 2[4Fe-4S] clusters [8] . Even at 4 K and 20 mW microwave power these features could not be saturated [8] . would not have been the case had one of these clusters been coupled magnetically with cluster III.
A hyperfine interaction with a nuclear spin, such as a proton, is an unlikely explanation since this type of interaction usually results in splitting constants significantly below 2 mT, although this cannot be ruled out absolutely. It is likely that the complex EPR spectrum of cluster III is due to a dipole-dipole interaction with an additional unknown paramagnet, such as a radical species. At temperatures higher than 77 K an isotropic radical signal remains (Fig. 6A) . It is not clear whether the decrease of spin concentration of the radical at lower temperatures was only due to saturation or also to an interaction with cluster III.
Redox properties of the clusters
The natural electron donor for BCR is a reduced ferredoxin with two [4Fe-4S] clusters with reduction potentials of -431 mV and -587 mV vs SHE [4, 19] . The reduction potentials of the iron-sulfur clusters of BCR therefore are expected to be below -400 mV. As discussed above,
Moessbauer studies indicated that only 1/3 of all clusters could be reduced by dithionite or deazaflavin/light, indicating that the reduction potential of at least two clusters must be far below
We have studied the redox potential dependence of the EPR spectra recorded at different We also recorded EPR-spectra of the same samples at 4 K in order to investigate the redox potential-dependent features of the EPR signals of the magnetically interacting clusters (Fig.7A) .
At -467 mV, when the 25 K spectrum mainly displayed features of cluster I, a very poorly resolved and broad signal around g=2 started to develop. In parallel to reduction of cluster II, the EPR signal of the interacting [4Fe-4S] + clusters also increased, indicating that these signals derive from the magnetic interaction of cluster II with at least one of the other two clusters. However, our results show that this interaction did not involve all reduced cluster II, since at higher temperatures EPR signals typical of non-interacting clusters could be ascribed to isolated clusters I and II. No sign of even a partial reduction of the putative cluster III was observed at potentials down to -543 mV. However one has to take into account that the EPR signals ascribed to this cluster (g=2.037, 1.97, 1.96) are quite narrow and close to those of the strong radical of the redox dyes, so that they could be obscured by the latter. Additionally, cluster III might couple with cluster II resulting in the broad signal observed at low temperatures. It was not possible to determine accurately the spin concentration from the low temperature spectra.
Since none of the clusters was even half-reduced a fit to a Nernst curve was impossible. The spectra shown in Fig.7B clearly imply that the reduction potential of cluster I and cluster II must be lower than -500 mV. However due to only a partial reduction a fit to Nernst curve was impossible.
Effect of MgATP and AdoPP[NH]P on the clusters
Reduced BCR catalyzes both a stoichiometric ATP hydrolysis coupled to benzoyl-CoA reduction, and benzoyl-CoA-independent ATP hydrolysis [8] . In a previous EPR study three major effects were observed under steady state conditions of substrate-independent ATPase activity. First, new EPR signals were induced: an isotropic signal at g=5.15 accompanied by a minor one at g=12 [8] .
These two signals were assigned to the transitions of the first excited state and ground state an S=7/2 high spin system. Second, the broad signal at g=2 assigned to two interacting [4Fe-4S]
clusters sharpened up, indicating that the interaction between the clusters was diminished after prolonged incubation with MgATP. Third, a concomitant loss of S=1/2 spins was observed in the course of the experiment. In these studies the nature of the paramagnet with the S=7/2 high-spin system was not identified. Moessbauer studies should indicate whether the switch from the S=1/2 to a S=7/2 high spin system occurred in one isolated cluster, or in two interacting [4Fe-4S]
clusters. Additionally, we wanted to clarify whether the two effects of MgATP described above were the result of binding or hydrolysis of MgATP. For this purpose the non-hydrolyzable ATP analog AdoPP[NH]P was used; this compound does not act as a competitive inhibitor but inactivated BCR irreversibly in a time-dependent reaction [8] .
The Moessbauer spectra of BCR under steady state conditions of benzoyl-CoA-independent ATPase activity are shown in Fig. 8 . The spectra recorded at 4.2K at 20 mT ⊥ γ (Fig. 8B) and 7T || γ (Fig. 8C ) exhibit an additional magnetic hyperfine pattern when compared to Fig.3 . EPR studies on an equivalent sample revealed the presence of a S=7/2 species [8] . We therefore simulated this magnetic pattern using the spin-Hamiltonian approximation with S=7/2 and with D = 4.3 cm -1 and E/D = 0.12 derived from EPR spectra [8] . In the spectrum taken at 120 K (Fig. 8A) there is a slight shoulder at about 1.5 mm s -1 which can be assigned to the S=7/2 species as it did not appear in the spectrum of deazaflavin/reduced reduced BCR (Fig. 3A) . This line originates from Fe 2+ sites similar to those in the S=7/2 species of the selenium-substituted 2[4Fe-4Se] 1+ clusters in the ferredoxin from Clostridium pasteurianum [20] . Therefore the same pattern of electron localization as described in [20] ) were used in order to be consistent with the data taken at 120 K. The lowand high-field spectra of In order to distinguish between the effects of binding and hydrolysis, EPR-spectra of BCR were recorded at 4 K and 0.2 mW in the presence of MgATP and AdoPP[NH]P (Fig. 9 ). Under these conditions it was certain that the fast relaxing signals of the interacting [4Fe-4S] clusters were not saturated. In the steady state of benzoyl-CoA-independent ATPase activity, the broad EPR signal of the interacting [4Fe-4S] clusters sharpened up (indicated by arrow 2, Fig. 9A,B) . In parallel the typical isotropic signal at g=5.15 of the first excited state transition of an S=7/2 system was observed (arrow 1 in Fig. 9B ). The accompanying signal at g=12, which results from a ground state transition of the S=7/2 system [8] , represents only a minor contribution to the total spin and therefore was only detectable at very high enzyme concentrations (not shown). When ATP (10 mM) was replaced by AdoPP[NH]P virtually no signal of an S=7/2 spin system was observed (Fig. 9C) . However, in the same way as with MgATP, the broad EPR-signal of the interacting 
Effect of oxygen
BCR is highly sensitive to oxygen, with a half life in the absence of reducing agents of less than 30 s [3] . We investigated this irreversible inactivation by recording EPR spectra of BCR after exposure to air and after re-reduction of the enzyme with dithionite. In Figure 10A the full scale clusters or to free Fe-atoms, or another unknown oxygen-sensitive group, such as a radicalcontaining moiety, is irreversibly inactivated.
Effect of acetylene
In order to explore alternative substrates for BCR we tested acetylene which is used in routine assays for testing nitrogenase activity. As reported, nitrogenase and BCR share some analogous features as both couple stoichiometric ATP-hydrolysis to the reduction of a chemically inert molecule [3, 8] .
In the presence of BCR and 10 mM MgATP, no electron flux from reduced methyl viologen to reduction of acetylene (0.8-4 mM) was observed. However, the benzoyl-CoA-independent
ATPase activity of dithionite-reduced enzyme was increased by 50 %. This increase was independent of acetylene concentration in a range from 0.8-4 mM (not shown). The rate of ATPdependent benzoyl-CoA reduction was not affected by acetylene (0.8-4 mM). We also tested the effect of acetylene (4 mM) on the EPR spectrum of the dithionite reduced enzyme in the presence and absence of the MgATP (Fig.11) . In the absence of MgATP acetylene did not induce major changes in the EPR spectrum of dithionite reduced BCR as shown in Fig. 11A and 11 B.
However, in the presence of both acetylene and MgATP new EPR signals were induced ( The enzymatic reduction of the aromatic ring requires electron transport at very low potentials.
Therefore, the redox centers of BCR were expected to have a very special nature to catalyze such a demanding process at pH 7 and room temperature. The most prominent example of a similar ATP-driven redox reaction is nitrogenase, which contains unique redox centers (P-cluster, Mocofactor) [21] . Surprisingly EPR and Moessbauer spectroscopy revealed that BCR contains three 'normal' [4Fe-4S] centers as its sole metal redox modules. The molecular composition and the amino acid sequence is clearly different to nitrogenase, but is very similar to another enzyme system as discussed below.
The identification of the three [4Fe-4S] clusters in BCR was based on data from Moessbauer spectroscopy, EPR spectroscopy and metal analysis. Although the data obtained with both spectroscopic techniques were consistent with our major conclusions, some minor differences need to be discussed. In all Moessbauer samples the degree of overall reduction was 33 % which would be consistent with one reduced and two oxidized [4Fe-4S] clusters. However, the results obtained by EPR spectroscopy pointed to a different interpretation: two partially reduced isolated clusters were identified with different EPR spectroscopic properties, and EPR signals of magnetically interacting clusters were detected.
Since the Moessbauer spectroscopic properties were quite similar for all clusters, it was difficult to distinguish between the presence of one reduced cluster and two half-reduced clusters. The EPR signals observed under various conditions are summarized in Table 2 . Clusters I and II exhibit usual EPR spectroscopic properties for a [4Fe-4S] +2/+1 cluster, with the expected g-values,
although cluster I shows a rather atypical slow spin relaxation. These clusters were reducible to some extent by both dithionite or deazaflavin/light in the absence of the substrate. However, the spectroscopic and electrochemical properties of cluster III were more unusual. First, its reduction was only observed under steady state conditions of substrate reduction, possibly due to a very negative reduction potential. Second, cluster III displayed an unusual narrow spectrum expanding over only approximately 18 mT (Fig. 6) . In contrast to cluster III, the EPR spectra of clusters I
and II covered a range of more than 30 mT each (Fig. 5) . Third, and most remarkably, the spectrum displayed a split line-shape that was most likely due to the interaction with a second paramagnetic site. Since a radical mechanism is proposed for BCR [5, 6] cluster [35] . The amino acid sequences of the α-and δ-subunit of BCR (Bcr A and Bcr D) show high similarities to each other (45 % if the extra N-terminal loop of BCR A is disregarded) and to Hgd C (52 %) [29] . Bcr A, Bcr D and Hgd C all contain identical phosphate and adenosinebinding motifs similar to many sugar kinases [29, 35] . Note that enzymatic ring reduction requires stoichiometrical ATP-dependent electron activation whereas ATP hydrolysis is only required in catalytic amounts in the dehydration process: once an activated electron is transferred from activase to dehydratase it will stay in the activated form for several catalytic cycles [35] . commonly used reducing agents [33, 37] . The single cluster of activase, however, was reducible to a paramagnetic S=3/2 high spin state [37] . This incomplete reduction of the whole 
Effect of adenosine nucleotides
The ability to study electron transfer and ATPase activity separately is important because it allows us to study the effect of ATP hydrolysis alone. Two spectroscopic effects have been reported, the rise of S=7/2 EPR signals and the elimination of the magnetic interaction of two clusters [7] . The
Moessbauer spectroscopy described in this work has confirmed the presence of the S=7/2 species assigned it to a [4Fe-4S] cluster which changed from the S=1/2 to the S=7/2 state. This latter state has only been observed previously for biological iron-chalconide clusters where a bridging sulfur of a [4Fe-4S] has artificially been replaced by selenium [38, 39] and for P-clusters in the thionine oxidized MoFe protein of nitrogenase [40] . In BCR the switch from the S=1/2 to the S=7/2 state parallels enzymatic activity and is probably the result of structural changes in the Table 1 ). The solid lines are the sum of subspectra 1,2,3,4 (see Table 1 ). Table 1 ). 
SubSpectra
